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FLUCTUATIONS  ON  PITOT  PROBE  MEASUREMENTS 
IN  COMPRESS FLOW 


v  <> 

Jamas  U,  Danborg 


ABSTRACT:  The  effect  of  velocity  and  temperature  fluctuations 
on  the  pressure  indicated  by  a  Pitot  probe  has  been  analyzed 
fox  the  compressible  case  assuming  negligible  static  pressure 
fluctuations.  This  analysis  is  based  on  the  assumption  that 
the  Mach  number  fluctuation  in  the  free  stream  ahead  of  the 
probe  affect  the  Pitot  pressure  directly*  As  a  result,  the 
measured  Pitot  pressure  divided  by  the  static  pressure  is  not 
Just  a  function  of  the  average  Mach  number  and  the  ratio  of 
specific  heats  as  it  is  in  steady  flow.  In  order  to  correctly 
interpret  Pitot  pressure  measurements  in  a  turbulent  boundary 
layer  it  is  necessary  to  separate  from  the  measurements  the 
effects  of  the  Mach  number  fluctuations. 

The  results  of  the  analysis  show  that  the  velocity  fluctuations 
directly  and  also  via  the  temperature  fluctuations,  cause  the 
Indicated  Pitot  pressure  to  be  greater  than  the  Pitot  pressure 
associated  with  the  time  average  velocity  and  temperature. 
Velocity  fluctuations  cause  an  Increase  in  the  Pitot  pressure 
in  proportion  to  the  mean  of  the  square  of  the  fluctuation  as 
is  already  known  for  incompressible  flow.  The  role  of  the 
temperature  fluctuations  is  to  Increase  the  effect  of  the 
velocity  fluctuations  on  the  measured  pressure.  Heat  transfer 
into  the  wall,  acting  through  the  temperature  fluctuations, • 
has  a  reverse  effect. 
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Effect  of  Velocity  and  Temperature  Fluctuations  on  Pitot 
Probe  Measurements  in  Compressible  Flow 


This  report  is  a  theoretical  analysis  of  the  effect  of  fluctu¬ 
ating  velocity  and  temperature  (as  iu  turbulence)  on  the 
measurement  of  Pitot  pressure  in  compressible  flow.  This 
type  of  information  has  application  in  estimating  possible 
measurement  errors  in  experimental  hypersonic  turbulent  boundary- 
layer  research,  in  Much  research  it  is  particularly  important 
to  measure  the  Pitot  pressure  accurately  in  the  vicinity  of 
the  wall  because  such  sn  .mportant  parameter  as  skin  friction 
is  sensitive  to  this  measure-joi. ; ,  The  results  of  the  analysis 
Indicate  that  velocity  fluctuations  directly  and  also  indirectly 
through  the  temperature  fluctuations  Increase  the  Pitot  pres¬ 
sure  above  the  Pitot  pressure  associated  with  the  time  average 
velocity  and  temperature.  Therefore,  if  accurate  pressures 
are  required,  this  effect  oust  be  considered. 

This  analysis  was  performed  in  connection  with  the  experimental 
program  of  measuring  the  characteristic!  of  the  hypersonic 
turbulent  boundary  layer  which  is  Jointly  sponsored  by  the 
Bureau  of  Naval  Weapons  under  Task  No.  RMGA-42-034/2J2-1/ 

FOO0- 10-001  and  Special  Project  Office,  Bureau  of  Naval 
Weapons  under  Task  No.  PR-9. 


W.  D.  COLEMAN 
Captain,  USN 
Commander 
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•SYMBOLS 

coef * -^ients  defined  in  equation  (18) 

r.  i  S2 

2 

velocity  of  sound 

velocity  of  sound  based  on  wall  temperature 
specific  heat  at  constant  pressure 
Mach  number 
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TJ?/Yr  . 

•  G  ^  o 


TT 


2C 


static  pressure 
Pitot  pressure 

Pitot  pressure  associated  with  M 
gas  constant  Yt^" 

correlation  coefficient  ■« 


total  temperature 
free-stream  total  temperature 
wall  temperature 
x-component  velocity 
free-stream  velocity 
resultant  velocity 
co-ordinate  parallel  to  the  wall 
co-ordinate  normal  to  the  wall 
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y  non-dimensional  wall  distance 
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Pw 


aeimeci  xn  Laoie 


2Cp  dTp 


TJ  dTJ 

ratio  of  specific  heats  =1.4 
boundary-layer  total  thickness 
U* 

tT 

angle  between  instantaneous  velocity  vector  and 
U  -  component 

viscosity  based  on  wall  temperature 
density  based  on  wall  conditions 


choor*  ctrocc  rm  tho  u/ol  1 


a  bar  over  any  symbol  indicates  time  average 

a  pi ime  after  any  symbol  indicates  the  fluctuating 
part  of  the  quantity  indicated  by  the  symbol 


Subscripts 

m  max Imum  value 

V/  1  >2  -JMM  j,  t  i.  O ' !  ^ 

oo  free-streara  conditions 
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.•  ooajL  Snear  sireSfe  as 
difficult  under  any  condition  but  particularly  so  iu  hyper- 
,'"’c  turbulent  boundary  layers.  The  indirect  method  of 
-■..aining  skin  friction  from  boundary-layer  surveys  nnears 
simpler  to  perform  experimentally  than  employing  a  •' 
friction  balan--  ?.  For  example,  the  wall  shear  stress  can  be 
isolated  from 
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where  |rw  -  coefficient  of  viscosity  based  on  Tw 
Cw  velocity  of  sound  based  on  Tw 
.  “d  where  (c*M/c*y)w  is  the  Mach  number  gradient  based  on 
>  extrapolation  of  the  Mach  number  profile  to  Lhc  wall.  The 
..iach  number  profile  is.  obtained  from  Pitot  probe  surveys  and 
tno  local  static  press  :r'  -  There  are,  however,  questions 
concerning  the  intern "-t  ation  of  these  probe  measurements  in 
a  turbulent  flow.. 


2.  In  steady  laminar  flow,  the  pressure  indicated  by  a 
Pitot  probe  can  be  related  to  the  local  Mach  number  because 
the  Pitot  pressure  uniquely  depends  on  the  square  of  the  Mach 
number  'n  ihe  free  scream  ahead  of  the  probe.  For  example, 


in  compressible  flow 
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and  in  supersonic  flow  (Rayleigh  Pitot  Formula  M  —  1) . 
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3.  A  problem  exists,  however,  when  the  flow  is  turbulent 
because  the  fluctuations  m  the  l'iee  stream  ahead  of  the  pi  'Ua 
affect  the  pressure  indicated  by  the  probe.  Even  close  to 
the  wall,  in  the  laminar  sublayer  region,  existing  experimental 
data  indicate  that  the  fluctuations  are  large  c  .mpa.red  with 
the  mean  value.  The  following  is  an  estimate  of  the  effect 
these  fluctuations  ..at c  on  the  prebe  reading  with  particular 
attention  to  the  region  near  the  wall  in  a  supersonic  turbu¬ 
lent  boundary  layer. 
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' t  is  not  obvious  from  the  relation  between  the 
uniform  flow  Pitot  pressure  and  free-stream  Mach  number 
(eqs. < 2)  and  (3))  what  type  of  relation  exists  between  the 
-ime  average  Pitot  pressure  and  the  time  average  Mach  number. 

Tf  it  is  as  umad  that  equations  (2)  and  (3)  hold  instantaneously 
for  the  time  dependent  quantities,  then  a  particularly  simple 
relation  is  obtained  if  both  equations  (2)  and  (3)  are  approxi¬ 
mated  by: 

/  r->  ~  l-J  ll  2  z  .  v 


Po/P  S 


This  approximation  predicts  the  uniform  flow  Pitot  pressure 
within  13  percent  in  the  region  0  —  M  —  2  (sec  fig.  1).  This 
range  of  Mach  number  is  acceptable  for  the  present  purposes 
because  the  region  of  particular  interest  in  the  turbulent 
boundary  layer  is  near  che  wall  wheru  the  Mach  number  is  two 
or  less.  The  probe  reading  then  is  simply  the  time  average 
of  the  instantaneous  pressure  (eq.  (4)). 
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5.  Seme  justification  can  be  given  in  the  subsonic  case 
for  employing  the  time  average  of  the  approximation  to  equation 
(2).  That  is.  if  the  time  average  is  taken  of  the  time  de¬ 
pendent  momentum  equation  along  a  streamline,  written  in  terms 
of  the  total  to  static  pressure  ratio  and  Mach  number,  the 
result  obtained  is  equation  (5),  This  might  be  expected  since, 
in  tne  incompressible  case  as  considered  bv  Goldstein,  the 
same  kind  of  result  is  obtained  (ref.  (a)). 


6.  It  is,  however,  much  more  difficult  to  show  that 
equation  (3)  is  valid  in  the  presence  of  turbulence.  Generally 
it  i.s  assumed  thac  equation  (3)  does  hold  for  slowly  changing 
fie"--  conditions.  In  this  connection  several  theoretical 
papers  (refs,  (b) ,  (c) ,  and  (d))  concerned  with  the  changes 
produced  in  a  shear  wave  as  it  posses  through  a  shock  wave 
start  with  the  assumption  that  the  steady  state  shock-wave 
relations  (Rankine-Hugoniot  relations)  hold  instantaneously 
ior  the  flow  variables  as  they  pass  through  the  shock  waves. 
Inherent  in  this  assumption  are  the  limitations  that  the 
disturbances  are  small  and  that  the  rates  of  change  of  the 
-l low  variables  are  much  "slower"  than  the  speed  with  which 
the  shock  wave  is  able  to  adjust  to  the  new  conditions.  This 
is  an  area  where  more  experimental  work  is  needed  xn  oroer  to 
qualitatively  determine  the  limitations. 


-  -~r~ ~n  '  <  -  .  - .v,^  *  -  ~  — .  ^  ~ ^ „*•  ✓  *  ■  '  ♦  .  *  1 '  .  \  ..  ■*  ’  »•:  -  . 


■V .  p  ■  J 


M 


v“S^T 


■» 


T--V  ' 


v^T  IS 


=. 


irZE  «F1l3  e^rC*^^/abr»  »*£>  ^at>iiFfTSa»*  *^> 


II 

ssms 


T 


N(J/.Tn  ul-28 


7.  Therefore,  in  the  absence  of  contradictory  experimental 
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following  approximate  calculations. 


8,  i’he  average  pressure  in  equation  (5)  depends  on  M2 

and  not  on  M2  so  that  if  the  instantaneous  Mach  number  can  be 
written  as  a.  mean  value  plus  a  fluctuating  component  then 

M“  is  larger  than  M2  by  the  amount  M,2„  The  static  pressure 
has  been  assumed  constant  through  the  boundary  layer  and 
independent  of  the  fluctuations.  A  brief  discussion  justifying 
this  assumption  is  given  by  Kistler  in  reference  (e)  in  con¬ 
nection  with  the  interpretation  of  hot— wir8  measurements.  If 


P0  is  defined  as  a  Pitot  pressure  associated  with  a  Mach  number 


M  corresponding  to  the  time  average  velocity  and  total  tempera¬ 
ture, 


P'/  P  =  I  +  ,Vi  ^  =  !  + 


7R(To~  V2/2Cp)  (6) 


then  equations  (5)  and  (6)  can  be  combined  to  give: 

■=  /"p7  \  M  2 

P‘  /  p  =  i  T  —  “  I  “=T 

1  \p  y  m7 


The  problem  of  tinding  p^/p  reduces  to  estimating  M2/M2. 


FORMULATION  OF  M2  -  RELATION 


9.  The  instantaneous  Mach  number  squared  can  be  written: 


M  *•  =  V'Vjft 


where  the  instantaneous  static  temperature  is: 


T  =  To  -  V  VZ  C, 


In  this  formula  V  is  the  magnitude  of  the  resultant  velocity 
vector  which  can  be  written: 


U  ==  V  COS  £) 


If  the  cross  components  of  the  fluctuations  arc  snail  t.hprs  v 
is  nearly  equal  to  U,  because  the  angle  between  V  and  U  is 
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equation  (13)  can  be  written: 


Ka  u  --  K  A  u  ~ 


|  !+  ?|2] 

fi-  b((2-/3)7J  +71  2)] 


If  the  division  in  equation  (16)  is  performed  there  results 
an  infinite  se- ies  of  the  foim; 

#!=a.  +aj(  +A2nz-t  a,?i3+  •••  Anvn  *■■■  . 

M 

where  —  I 

A"  =  2  +  b(t-fi) 

A,  ~  i  +  b  +  b!  2  “y3)  (  2  +  v  2 " p  Ji 


A}  =  bA,  +  b(  2  -p;  A2 
A„  =  bA„.t  +  b(2~/))An. 


5  n  >  3 


equation  (17)  converges  for  M  -c  2  if  G  «  0  and  M'  -el  1.0  (see 
Appendix  A).  When  6  >0  i.e.,  neat  transfer  into  the  wall, 
the  range  of  convergence  is  increased.  In  order  to  obtain 
numerical  results  it  is  assumed  that  M*  and  thus  q  are  so  small 
that  terms  in  equation  (17)  of  higher  order  than  A2q2  are 
small.  If  then,  the  time  average  is  taken  of  equation  (17) 
one  obtains  the  result: 

4^=  l  +  ri  +  b  +b(Z-d)|2+M2-/3))V  a91 

Mz  1 


liquation  (19)  can  be  used  in  conjunction  with  equation  (7)  to 
estimate  the  Pitot  pressure  ratio  correspond  to  the  average 

n  1 -  - J.  .  J - -  /m  _ 7t\  -I  .  „2  _  «  T*  f  *Yt\  2  ;  IrMfMi.n  A« 
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iterative  procedure  is  reouiro*^  sln*  v  ,, 2  i,p  f i r<>t  esti¬ 

mated  in  order  to  calculate  b,  but  '"o:  r  nately ,  the  iteration 
converages  rapidly.  An  estimate  ba:  d  on  the  measured  Pitot 

pressure  ratio  (p^/p)  is  a  good  first  choice. 
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11.  In  oxuer  to  complete  the  calculation,  values  of  r|2 
are  reaun  cd  tor  the  compressible  csph».  i'np  available  com- 
pressible-boundary-layer  information  on  this  quantity  (refs. 

(e),  (f),  and  (g))  is  limited.  Measurements  closest  to  the 

wall  are  at  a  yf  =  80.  ''he  magnitude  of  (U'/’d)2  is,  in  general, 
within  the  scatter  of  the  incompressible  data,  although  Kistler’s 

data  (ref.  (e))  does  indicate  a  decrease  of  (U'/U)2  with  in¬ 
creasing  Mach  number.  Because  of  this,  it  appears  reasonable 
and  conservative  to  employ  the  incompressible  data  (fig.  2) 
near  the  laminar  sublayer  where  similarity  in  the  u+  versus  y+ 
profile  is  expected  even  in  the  compress  de  case. 
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COMPARISON  WJTrJ  HOT-hlRF  EXPERIMENTS 

12.  Before  calculating  the  effect  of  the  velocity  and 
temperature  fluctuations  on  Lise  Pitot  pressure  measurements, 
the  relation  between  temperature  and  velocity  employed  in  the 
above  equations  will  be  compared  with  the  experiments  of 
Morkovin  and  Kistler  (refs,  (I)  and  (g)).  The  temperature 
fluctuations  can  be  expressed  by 


The  roct-mean-square  values  of  the  left-  and  right-hand  side 
of  this  equation  and  neglecting  higher  order  terms  provide 
a  relation  between  temperature  and  velocity  fluctuations. 
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13 .  Figures  3  and  4  show  the  measurements  of  ref e  ence 
(f)  of  the  mis  IJ'/li  and  rms  T'/T,  respectively.  The  line 
drawn  in  figure  3  represents  the  mean  of  the  data.  The 
velocity  fluctuation  distribution  represented  by  the  line 
was  then  transformed  by  equation  (21)  into  temperature 
fluctuations  and  plotted  in  figure  4.  The  required  value  of 

B  was  computed  from  the  mean  profiles  as  given  in  the  reference. 
As  figure  4  illustrates,  equation  (21)  estimates  both  the  mag¬ 
nitude  and  the  trend  of  the  data.  A  similar  calculation  was 
performed  on  the  data  of  reference  (g)  and  the  resulting  cal¬ 
culated  points  are  shown  with  the  measurements  in  figure  5. 

Ir  this  ease  each  point  was  transformed  into  temperature 
fluctuations.  The  agreement  is  again  good, 

14.  The  correlation  coefficient  as  calculated  from  the 
above  equations  also  compares  favorably  with  the  experiment  of 
reference  (b) ,  that  is: 
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This  result  was  to  be  expected  since  similarity  in  the  mechanism 
of  heat  and  “somentum  transfer  was  assumed.  The  measured  cor¬ 
relation  eoefficienr  »■««,..  (r<sf.  (f))  is  shown  in  figure  6  and 

is  between  -.85  and  -.90.  Kistler  in  reference  (g)  also 
indicates  that  the  correlation  coefficient  is  about  -.7. 


CALCULATION  OF  PITOT  PRESSURE  CORRECTIONS 
AND  DISCUSSION  OF  RESULTS 


15.  Basically,  equation  (19)  can  be  combined  with  equation 
(7'  and  by  using  the  incompressible  rms  U*/D  versus  y+  values 
cue  error  in  Pitot  pressure  due  to  the  fluctuations  can  be 
obtained  as  a  function  of  the  local  average  Mach  number  and 
heat  transfer.  However,  because  of  the  number  of  parameters, 
it  is  not  possible  to  give  a  complete  picture  of  the  effect 
and  each  situation  must  be  computed  separately.  Nevertheless, 
the  results  can  be  illustrated  by  calculating  the  percentage 
change  in  Pitot  pressure  as  a  function  of  local  Mach  number  for 
different  fluctuating  velocity  levels  and  by  assuming  the  total 
temperature  fluctuations  are  zero.  This  last  assumption 
(i.e.,  G  -»  0)  corresponds  to  zero  heat-transfer  conditions  in 
the  analysis  leading  to  equation  (34).  The  effect  of  positive 
G,  the  most  important  practical  case,  is  to  decrease  the  error 
in  pressure.  Tables  1  and  2  contain  the  result  of  sue1 
eoRinutnt.  1  on  based  rv»  equations;  ( "7''.  and  (IQl 


16.  In  order  to  demonstrate  the  effect  of  ,his  analysis, 
as  it  would  be  applied,  tne  following  example  has  been  calcu¬ 
lated.  8hown  i*  figure  7  (curve  A)  ai e  the  Pitot  pressure 
ratio  measurements  in  a  region  extending  from  the  wall  to  1/2 
mm  into  a  Mach  number  five  turbulent  boundary  layer  (ref.  (i)). 
The  pressure  tends  toward  the  static  pres..  -  at  the 'wall. 

The  solid  line  drawn  through  the  data  represents  an  arbitrary 
interpolation  for  which  the  corresponding  skin-friction  coef¬ 
ficient  is  12.3  x  10-4.  The  difference  between  curve  A  and  13 
is  the  correction  to  the  Pitot  pressure  when  equation  (19) 
with  B  =  0  and  equation  (7)  are  used  in  connection  with  figure 
2.  The  solid  iine  through  this  data  corresponds  to  a  skin- 
friction  coefficient  of  10.3  x  10-4  or  a  reduction  of  12  per¬ 
cent.  This  calculation  assumes  negligible  total  temneratnro 
fluctuations.  The  curve  marked  C  includes  the  estimated 


total  temperature  fluctuations  and  was  computed  using  equations 
O')  and  (19)  and  figure  2.  The  skin-friction  coefficient  in 
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this  case  Is  8,5  psrcsnt  below  the  original  data.  The  total 
temperature  gradient  at  the  wall  divided  by  the  velocity 
gradient  at  the  wall  was  used  in  calculating  0, 

17.  It  is  necessary  to  make  a  remark  about  the  application 
of  the  above  effects  within  the  laminar  sublayer.  In  that 
region  the  percentage  velocity  fluctuations  reach  a  maximum • 
However,  the  fluctuations  are  generally  believed  to  be  basically 
one  dimensional  without  the  cross  components  that  are  charac¬ 
teristic  of  turbulence  although  this  has  not  been  conclusively 
proven.  If,  however,  it  is  true,  then  the  convection  of  fluid 
normal  to  the  mean  flow  does  not  take  place  and  the  effects 
associated  with  heat  transfer  are  not  involved.  That  is, 
under  this  assumption,  even  with  0  not  zero,  the  heat-transfer 
term  should  not  be  retained  in  the  laminar  sublayer. 


8 


NOLTK  61-28 


REFERENCES 

(a)  Goldstein,  S . ,  "A  Note  on  the  Measurement  of  Total 
Head  and  Static  Pressure  in  a  Turbulent  Stream," 

P*oc.  Roy.  Soc.  Series  A,  Vol.  155,  pp.  570,  July  1036 

(b)  Ribner,  H.  S.,  "Convection  of  a  Pattern  of  Vorticity 
Through  a  Shock  Wave,"  NACA  TR  1164,  1954 

(c)  Ribner,  H.  S.,  "Shock  Turbulence  Interaction  and  the 
Generation  of  Noise,"  NACA  TR  1233,  1954 

(d)  Moore,  7.  K,,  "Unsteady  Oblique  Interaction  of  a  Shock 
Wave  with  a  Plane  Disturbance,"  NACA  TR  1165,  1954 

(e)  Kistler,  A.  L.,  "Fluctuation  Measurements  in  Supersonic 
Turbulent  Boundary  Layers,"  Physics  of  Fluids  2,  pp.  290- 
206,  3  May  -  June  1959 

(f)  Morkovin,  M.  V.  and  Phlnney,  R.  E.,  "Extended  Application 
of  Hot-Wire  Anemometry  to  High-Speed  Turbulent  Boundary 
Layers,"  AFOSR-TN-58-469,  The  Johns  Hopkins  University, 
Department  of  Aeronautics,  June  1958 

(g)  Kistler,  A.  L.,  "Fluctuation  Measurements  in  Supersonic 
Turbulent  Boundary  Layers,"  Ballistic  Research  Laboratories, 
Report  No,  1052,  August  1958 

(h)  Klebanoff,  P,  S«,  "Characteristics  of  Turbulence  in  a 
Boundary  Layer  with  Zero  Preusuro  Gradient,"  NACA  Report 
No.  1247,  1955 

(1)  Lobb,  R.  K.,  Winkler,  E.  M,,  and  Persh,  J.,  "Experimental 
Investigation  of  Turbulent  Boundary  Layers  in  Hypersonic 
Flow,"  NAVORD  Report  3880,  March  1955 


t  * 


I 


EQUATION  (24) 


FIG.  6  CORRELATION  COEFFICIENT  (REEt) 


riATiO  Oc  PITOT  TO  STATIC  PRESSURE 


noltr  6i  -  ?e 


NOLTR  61-28 


Table  1 

POSSIBLE  ERROR  IN  PITOT  PRESSURE 

Apo/Pi 

(Zero  Heat  Transfer  (B  -  0)) 


(u'/ti)2 

n 

a 

.05 

.10  .15 

.185 

1.00 

0.0 

0.0  0.0 

0.0 

0.5 

1.26 

.0098 

.0194  .0288 

.0352 

2.16 

.0486 

.0923  .1323 

.1582 

1.5 

4.06 

.1255 

.2292 

2.0 

7.56 

i 

.2372 

1 

1  ] 

a  p; .  RL5  J 

Tf "  R  I 
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t+oc^)  j 

|K) 

DC  =  l  +  b+b(2-y0)(^  +  b(2-/3)) 
ir/5  =  o  *md  y  =  1.4 
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Table  2 

ROOT-MEAN-SQUARE  MACH  NUMBER  FLUCTUATIONS 
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APPENDIX  A 


A-l.  The  foregoing  analysis  developed  t.o  estimate  the 
of  fee  c  of  Mach  number  fluctuations  on  th*»  p'lt.or.  nrpssurp  does 
not  apply  if  the  expanston  of  equation  (1C)  into  the  infinite 
series  equation  (17)  does  not  converge.  The  following  analysis 
indicates  the  series  doss  converge  in  certain  ranges  of  M 
and  These  ranges  can  he  calculated  as  follows. 


A-2 .  Given  the  infinite  ser-es: 


where 


t 


(17) 


(18) 


Such  a  series  converges  absolutely  if  in  the  limit  as  n  approaches 
infinity,  the  absolute  value  of  the  ratio  of  successive  terms  of 
the  series  ts  less  than  unity,  i.e., 
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A-3„  a  liml  tati  can  be  placed  on  the  magnitude  of  i|  by 
assuming  the  Mach  number  f  1  nr-tiisfionc  are  subsonic  .and  do  not 
affect  the  static  pressure.  From  equation  (15) 


j_T  £U 
>  D  :  0  5 


(15) 
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Where  M*  -i  1.  the  maximum  value  that  rj  can  have  is 

!  Y[\  <  !  /  M  (A- 4) 

i  1  I 

Thus,  T.he  senes  converges  when  the  maximum  value  of  the  coef¬ 
ficient  ratio  is: 
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In  the  limit  as  n  oo 9  the  following  also  holds 
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Substitution  of  equations  (A-5)  and  (A-6)  into  equation  (A-3) 
results  in  an  equation  governing  the  maximum  values  of  b  and 
6  such  that  r  ,  £  T 
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If  consideration  is  limited  to  values  of  !?„,  <  2  every  term  in 
equation  (A-7)  is  positive  and  the  absolute  sign  can  be  dropped. 
After  rearrangement  the  condition  on  M  and  li  in  order  that  the 
series  converge  absolutely  is 


M  = 


T. 


-v 

a 


or  if  vs 


X 


1.4 


(A-8) 


Mr.  = 


2  -  A 

*  *  rrx 


(A-9) 


A- 2 


*01-1  K  ^ 

AERODYNAMICS  DEPARTMENT 
EXTERNAL  DISTRIBUTION  LIST  (Al) 


Chief,  Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  DLI-30 
At  tr> :  K- 14 
Attn:  RRP.E-4 
Attn:  RMGA-413 

Office  of  Naval  Research 
Room  2709,  T-3 
Washington  25,  D.  C. 

Attn:  Head,  Mechanics  Branch 

Director,  David  Taylor  Model  Basin 
Aerodynamics  Laboratory 
Washington  7,  D.  C. 

Attn:  Library 

Commander,  U„  S.  Naval  Ordnance  Test  Station 
China  L?dc»,  California 
Attn:  Technical  Library 
Attn:  Code  503 
Attn:  Code  406 

Director,  Naval  Research  Laboratory 
Washington  25,  D.  C, 

Attn:  Code  2027 

Commanding  Officer 
Office  of  Naval  Research 
Branch  Office 
Box  39,  Navy  100 
Fleet  Post  Office 
New  York,  New  York 

NASA 

High  Speed  Flight  btation 
Box  273 

Edwards  Air  Force  Base,  California 
Attn:  W.  C.  Williams 

NASA 

Ames  Research  Center 
Moffett  Field,  California 
Attn:  Librarian 


No.  of 
Copies 


1 

•» 

x 


X 


1 


1 

1 


1 


I 


r 


i 


AERODYNAMICS  DEPARTMENT 
EXTERNAL  DISTRIBUTION  LIST  <A1) 


W[/  XUtJ 


NASA 

Langley  Research  Center 
Langley  Field.  Virginia 
Attn:  Librarian 
Attn:  C.  H.  McLellan 

Attn:  Js  -J.  Stack 

Attn:  Adolf  Busemann 

A  ttn : 

Attn: 


L*ump  «  I\6»„  LfAV  • 

Theoretical  Aerodynamics  Division 


Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland  11,  Ohio 

Attn:  Librarian  1 

Attn:  Chief.  Propulsion  Aerodynamics  Div.  1 

NASA 

1520  h  Street,  N,  W. 

Washington  25,  D.  C. 

Attn:  Chief,  Division  of  Research  Information  1 

Office  of  the  Assistant  Secretary  of  Defense  (R&D) 
Room  3E1065,  The  Pentagon 
Washington  25,  D.  C. 

Attn:  Technical  Library  i 

Research  and  Development  Board 
Room  3ui.04i ,  ms  Pentagon 
Washington  25,  D.  C., 

Attn:  Library  1 

AST  I A 

Arlington  Hall  Station 

Arlington  12,  Virginia  1( 

Commander,  Pacific  Missile  Range 
Point  Mugu,  California 

Attn:  Technical  Library  1 

Commanding  General 

Aberdeen  Proving  Ground.  Maryland 

Attn:  Technical  Information  Branch  1 

Attn:  Ballistic  Research  Laboratory  1 


7  «  Xw'«; 


/ 


u  - 


xoi  i  l;  •  > '  ~ h 

AERODYNAMICS  DEPARTMENT 
EXTERNAL  DISTRIBUTION  LIST  (Al) 


No.  of 
Copies 


Commander ,  Naval  Weapons  Laboratory 
Dahlgren,  Virginia 

Attn:  Library  1 

Director,  Special  Projects 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  SP-2722  1 

Director  of  Intelligence 

Headquarters,  USAF 
Washington  25,  D,  C. 

Attn:  AF0IN-3B  1 

Headquarters  -  Aero.  Systems  Division 
Wright-Patterson  Air  Force  Base 
Dayton,  Ohio 

Attn:  WWAD  2 

Commander 

Air  Force  Ballistic  Missile  Division 
HQ  Air  Research  &  Development  Command 
P.  0.  Box  262 
Inglewood,  California 


Attn:  WDTLAR  1 

Chief,  Defense  Atomic  Support  Agency 
itashington  25,  D,  C« 

Attn:  Document  Library  i 

Headquarters,  Arnold  Engineering  Development  Center 
Air  Research  and  Development  Center 
Arnold  Air  Force  Station,  Tennessee 

Attn:  Technical  Library  1 

Attn:  AEOR  1 

Commanding  Officer,  DOrL 
Washington  25,  D.  C-, 

Attn:  Library,  Room  211,  Bldg.  92  1 


Commanding  C.eneral 
Redstone  Arsenal 

TT - X.  ..  1  1  1  .  »  1  _ * 

::uutoTxxAC  f  nxai/oiua 

Attn:  Mr.  N,  Shapiro  (ORDDW-MRF) 


1 


>'  >!  'i  f  i 

AFRODYNAM ICS  DEPARTMENT 
EXTERNAL  DISTRIBUTION  LIS"  (Al) 


No .  of 
Copies 


NASA 


George 

•  All  c.l  OuaA  A 

Space  Flight  Center 

Huntsvx 

lie,  Manama 

Attn : 

Di  .  E .  weisbler 

1 

Attn: 

Mr.  T.  Reed 

1 

Attn: 

Mr .  H .  Paul 

1 

Attn : 

Mr.  W*  Dahra 

1 

Attn : 

ail  4  U*  O uixuna 

X 

Attn: 

Mr#  Jo  Kingsbury 

1 

Attn: 

ORDAB-DA 

1 

APIj/JHL 

(C/nGv  7386) 

8621  Georgia  Avenue 

Silver 

Spring,  Maryland 

Attn : 

Technical  Reports  Group 

2 

Attn: 

Mr.  D.  Fox 

.1 

Attn: 

Dr.  F.  Hill 

1 

Via:  INSORD 

Air  Force  Systems  Command 
Scientific  fc  Technical  Liaison  Office 
Room  2305,  Munitions  Building 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  E.  G.  Haas  1 


NOLTK 

AERODYN As!  TC5  DEPARTMENT 
EXTERNAL  DISTRIBUTION  LIST  (A2) 


No.  of 
Copies 

Arnold  Research  Organization,  Inc. 


Tullahoraa,  Tennessee 

Attn: 

Technical  Library 

1 

Al  La : 

vhi'jl  ^  Propulsiv-  tfiSu  Tunnel 

1 

Attn: 

Dr.  J.  L,  Potter 

1 

General 

Electric  Company 

U-i  eel  1  a 

and  Space  Vehicle  Department 

31 9S  Che 

Q^T-nf*  ^  +  ^001 

Philadel 

phia,  Pennsylvania 

Attn; 

Larry  Chasen,  Mgr.  Library 

2 

Attn: 

Mr.  R,  Kirby 

1 

Attn: 

Dr .  J ,  F arbor 

1 

Attn : 

Dr.  G,  Sutton 

1 

At  tn : 

Dr.  J.  D,  Stewart 

1 

Attn : 

Dr,  S.  Mo  Scala 

1 

A  Ar  4"  V.  • 

i*  V  v*.  • 

Dr .  K ,  Lew 

X 

Eastman  Kodak  Company 
Navy  Ordnance  Division 
50  West  Main  Street 
Rochester  14,  New  York 

nttni  Wo  .  For*"?**  2 

Library  3 

AVCO-Evereit  Research  Laboratory 
2385  Revere  Beach  Parkway 
nvere c u  ^ ,  Massachusetts 

AER,  Incorporated  1 

158  North  Uill  Avenue 
Pasadena,  California 

Armour  Research  Foundation 
10  West  35th  Street 
Chicago  16,  Illinois 

Attn:  Dept,  H  2 

Chance- Vought  Aircraft,  Inc. 

Dallas,  Texas 

Attn:  Librarian  2 


O/nmm  ^  1  1  A  ^ .i n  ,, , i  >-i  /-.  «  1  T 

W*  Uc  *  i»  v-l  VMMM  V  AUMA  MW*  %f  } 

4455  Genesee  Street 
Buffalo  21,  New  York 
Attn:  Librarian 

Attn:  Dr.  Franklin  Moore 


X 

1 


,t’Sp^'-'^, L^L  ,i~>  :--  - .;  TufU^,.  -k^ ., .. - ZZ&±£ $?Z,.^:*a: 


■  \ 


••»  r4.®3s>j»“?"  •^*’. 
*  •  -  ^ -it  A-jff 
.  J’?  *■**  ~ 

r*^vlf? _ 


£  *5K£2®£*= 
§  g**5£»cg?, 

1  jgssstii 

U  mzsmi 


M 


.ol.  I  !:  M  -.-  -i 

AERODYNAMICS  DEPARTMENT 
EXTERNAL  DISTRIBUTION  LIST  (A2) 


University  of  Minnesota 
Rosemount  Research  Laboratories 
Rosemcunt,  bin  Uv  sots 

Attn:  Technical  Library 


Director ,  Air  University  Library 
Maxwell  Air  F^ce  Base,  Alabama 


Douglas  Aircraft  Company,  Inc„ 
Santa  Monica  Division 
3000  Ocean  Park  Boulevard 
Santa  Monica-  California 

Attn:  Chief  Missiles  Engineer 
Attn:  Aerodynamics  Section 


CONYAIR 

A  Division  of  General  Dynamics  Corporation 
Daingerfield,  Texas 


CONVAIR 

Scientific  Research  Laboratory 
5001  Kearney  Villa  Road 
San  Diego  11,  California 
Attn:  Mr.  M.  Si bulk in 
Attn:  Asst,  to  the  Director  of 
Scientific  Research 
Attn:  Dr.  B,  M.  Leadon 


Republic  Aviation  Corporation 
Farmingdale,  New  York 

Attn:  Technical  Library 


General  Applied  Science  Laboratories,  Inc. 
Merrick  and  Stewart  Avenues 
Wectbury,  L,  I.,  Hew  York 
Attn:  Mr.  Walter  Daskin 
Attn:  Mr.  R.  W.  Byrne 


CONVAIR 

A  Division  of  General  Dynamics  Corporation 
Fort  Worth,  Texas 


Purdue  University 

School  of  Aeronautical  &  Engineering  Sciences 
LaFayetco,  Indiana 

Attn:  R.  L.  Taggart,  Library 


\  -•  '  •  ^  v  •:  V  -  -  ^jv  ~  •  ’  X~T  V'*\  1  -**«^  ’  »{•  - V  jy  ' ^ ^ ~~  -^t; 


; 


*.  ■; 


-*•  *  • 


n  «&**«»£»  ^^wai^jg^i^gqaiitf^g^ggaa^c^i&^twSMMy^^Stafca^Sgsi^^Bg^as^iSSfaHfc^SBKili^^a 

2^«jc^fft=a^fc^s,B5 -^swccsKMat**.  fit Min  111  ii>^w^oe^rfaM«*»^MMta^rwoat^w«=p>*aA w  **»*xmx* 


i£**ak&&M 

MM 

mMIs 


-  :V 


•'—•i 


NOLTR  6J-^8 


EXTERNAL  DISTRIBlfflON  LIST  (A2) 


United  Aircraft  Corporation 
400  Mam  Street 
East  Hartford  8,  Connecticut 
Ai  tn :  vii  j 9 ^  Librarian 
Attn  •  Mr  •  W »  Kuhrt,  Research  D6pt, 
Attn:  Mr,  J.  G,  Gee 

Hughes  Aircraft  Company 
Florence  Avenue  at  Taale  Streets 
Culver  City,  California 
Attn:  Mr,  D.  J,  Johnson 

RfcD  Technical  Library 

McDonnell  Aircraft  Corporation 

P.  0,  Box  516 

St.  Louis  3,  Missouri 

Lockoeed  Missiles  k  Space  Company 
P.  0.  Box  504 
Sunnyvale,  California 
Attn:  Dr.  L.  H.  Wilson 
Attn:  Mr.  M.  Tucker 

The  Martin  Company 
Baltimore  3,  Maryland 
Attn:  Library 
Attn:  Chief  Aerodynamicist 

North  American  Aviation,  Inc, 
Aerophysi.es  Laboratory 
Downing,  California 

Attn:  Dr.  E.  R.  Van  Driest 

Department  of  Mechanical  Engineering 
Yale  University 
400  Temple  Street 
New  Haven  10,  Connecticut 
Attn:  Dz .  P.  k  t  rfegener 

MIT  Lincoln  Laboratory 
Lexington,  Massachusetts 

RAND  Corporation 
1700  Main  Street 
Santa  Monica,  California 

Attn:  Library,  USAF  Project  RAND 


f\ E K OIj NAM  J  uLPARi  MEN! 

KXTK'v-I.*  1.  LIST))  j;:»i ri  JOV  LIST  (A 2) 


No,  of 
Copies 


•?r »  J.  Lukasiewicz 

Ch  i  e  i ,  Car  !)v  n  .u«  i  c  s  Facility 

\R0f  Incorporated 

Massachusetts  Institute  of  fechnj'og. 
Cambridge  3d,  Massachusetts 
Attn  Prof.  J .  Kaye 
Attn:  Pro? .  FiT*c»tot« 

Attn:  Mr,  J.  Baron 

l  o!y technic  Institute  ot  Brooklyn 
527  Atlantic  Avenuy 
Freeport,  New  York 
Attn:  Dr.  A.  Ferri 

Attn:  Dr.  M.  Blonrr, 

i  A  *  -  71m  11  I  i  KKit 

v  Vfi  i  4^-  *  i  . 

Brown  University 
Division  of  Engineering 
Providence,  Rhode  Island 
Attn:  Prof,  K.  Protistem 
Attn:  Prof.  C,  Lin 


mm 


8MQ  ■ 

\m ' 
m%-  - 

WE 

■fr^4ss:-. 


University  of  Minnesota 
Minneapolis  14,  Minnesota 
Attn:  Dr.  E.  R.  G»  Eckert 


■fer  Laboratory 


Attn:  Technical  Library 

Rensselaer  Polytechnic  Institute 
T"oy .  New  York 

Attn:  Department  of  Aeronautical  Engineering 


lifUl 


m 

V--' ’  1 

■  ■  .\orr-f-. 

-  ..-r'—  jhJ. 


Dr,  James  Is,  Hartnett 

Department  of  Mechanical  Engineering 

University  of  Delaware 

Newark,  Delaware 

Princeton  University 

James  Forrestal  Research  Center 

Gas  Dynamics  Laboratory 

r>—  -i  ^ r 

A  X  XHWW  Wli  ^  *«  V"  1/  v  *  ^v.  j 

Attn:  Prof.  S.  Bogdonoff 


mm 

ii#ti  -  pP^ 
*  fed 


Mi 

Sfj 

mm 


I 


Mivl 


m  n 

•  If  •  OH 

U  i  4  fin  1 
^3  A  A  4*  ♦ 

Sfiirii.  i 


tji  «.h*o  *o 

ijJltt 


H  -  • 


a  bb*2|  : 
i  I  »*ifi 

O  Bin  N  <NJf 

•5 rf  ?  ohI 

^|sS>6; 

/a  ©  A*  M  *3  -h  ro 


iLli  ss5! 

*-5*8  ^"*5 

'  C  •  '*  •  "> 

*«  W»  1  r-i  w  •  n 

itf.3sHS.3Sg> 

*  J»  «  •  -M  -H  «)+> 


Pil-li 

njiill 

I  £p8  ►.  •  • 

iiEii^ 

llgBSfSli 

flb|S 


h  k*h  n  C  C  «  ♦* 

8/°  2.2  $3  23.22 

S'®  •  4*  o  &  •* 

5i%0,o«nooV 

4*  4*  S.H  •  r  '-I  3  4* 

*•  a  c  ^  s  V,H  'O  « 

*g  o  o  •  «M  •  *4  ©  •  o 

as°3flS^*sii^ 

►vS  o  a  ’H  Qiu  S  2  o  U 

+»  *»  o  «*  o  ♦>  v  6  u 

•  _  S*>n4M« 


8  i'S'S^^  P  is  °*3 1* 

n4  •  N  W  4*  *H  0,4*  © 

•  •  K«  S&b  »  fop 
5  H ■°2+*^4*.h  fj  «0 

s  as.2  3  5r-*  is 

♦*8b«GS"‘?’S£x 

O  _  .  «  rH  +»  a*» 


O  *>»«  •  fH  *» 

•  •Sab  9’0« 
xo^SoaSdovo 
x  3  »  4^i  o  o 

H-h  M  |  O  06  "o*>H 

U53SS.  £.5£  ? 


